Introduction
============

The CC chemokine receptor-7 (CCR7) is expressed by many human cancers, including melanoma.^[@bib1]^ In gastric cancer, CCR7 expression has been highly correlated with lymph node (LN) metastasis and invasion, as well as poor survival.^[@bib2]^ Overexpression of CCR7 in B16 murine melanoma cells (pLNCX2-B16) increased the rate of metastasis to regional LNs by over 100-fold in experimental models of nodal metastasis.^[@bib3]^ Recent data from our laboratory indicated overexpression of CCR7 in the B16 melanoma can also directly affect tumorigenesis, possibly by altering the host anti-tumor inflammatory response. Specifically, we showed injection of limiting numbers of CCR7-overexpressing B16 cells (CCR7-B16) into mouse ear skin yielded obvious tumors, whereas ear skin injected with control cells lacking CCR7 failed to develop tumors. When larger tumor inocula were used, however, the expression of CCR7 had no impact on tumor formation, but did result in markedly diminished trafficking of T cells and other inflammatory cells to the tumor microenvironment.^[@bib4]^ Herein, to specifically determine alterations in the immune environment of CCR7-expressing and non-expressing tumors, we compared the mRNA expression of CCR7-B16 tumors and pLNCX2-B16 control tumors of approximately equal size. Before gene-expression profiling, we depleted CD45-expressing leukocytes from whole-tumor homogenates to remove profile bias resulting from the much larger numbers of leukocytes found in control tumors.^[@bib4]^

CCR7-expressing tumor cells display enhanced metastasis to regional LN, presumably because CCR7 mediates chemoattraction between tumor cells and lymphatic endothelial cells that express CCR7 ligands, such as CCL21.^[@bib5],\ [@bib6]^ However, the effect of CCR7 expression on the tumor vasculature and microenvironment in facilitating nodal metastasis is unclear. From our profiling studies above, one gene that was overexpressed in CCR7-B16 tumors relative to the control tumors was *podoplanin*, a known specific marker for lymphatic endothelial cells.^[@bib7]^ Using immunohistochemical staining approaches, we now report that podoplanin^+^ vessels are increased in CCR7-B16 tumors and that vascular endothelial growth factor C (VEGF-C), a lymphatic vessel growth factor,^[@bib8]^ is also expressed at higher levels within the CCR7-B16 tumors.

Collectively, our data suggest newly formed CCR7-B16 tumors showed downregulation of interferon (IFN)-γ-associated genes, as well as major histocompatibility complex (MHC) class I and II molecules, suggesting early escape from anti-tumoral immunosurveillance. Strikingly, CCR7-B16 tumors exhibited increased recruitment of CCR7-B16 cells to podoplanin-expressing lymphatic vasculature. Together, these results suggest CCR7 modulates the tumor microenvironment by promoting early escape from immunosurveillance and increasing metastatic efficiency to LN via neo-lymphangiogenesis, with associated increases in chemotaxis and lymphatic invasion of tumor cells.

Results
=======

Lack of early host anti-tumor immune responses in mouse CCR7-B16 footpad tumors
-------------------------------------------------------------------------------

In our previous work, CCR7-B16 cells possessed a growth advantage over pLNCX2-B16 cells when small tumor cell inocula were used. Larger inocula developed into equivalent-sized footpad tumors. Interestingly, CCR7-B16 tumors are characterized by a marked reduction in the percentage of tumor-infiltrating leukocytes (especially CD8^+^ T cells) when compared with equivalently sized pLNCX2-B16 tumors.^[@bib4]^

To investigate the host anti-tumor immune response generated in draining LN (DLN), we harvested popliteal DLN and non-draining contralateral popliteal LN, and measured the number of IFN-γ-producing cells by enzyme-linked immunosorbent spot (ELISPOT) assay. A robust host immune response was observed in DLN from pLNCX2-B16-injected mice at day 5, whereas only a minimal level of IFN-γ production was found in DLN from CCR7-B16-inoculated mice ([Figure 1](#fig1){ref-type="fig"}), suggesting a potential role for tumoral CCR7 expression in the suppression of early host anti-tumor immune response.

Identification of differentially expressed genes in CCR7-B16 tumors compared with pLNCX2-B16 tumors by Affymetrix microarray expression profiling
-------------------------------------------------------------------------------------------------------------------------------------------------

To understand the mechanism of immune suppression in CCR7-B16 tumors, we characterized the gene expression profile within the tumor microenvironment using Affymetrix expression microarrays. As the greater number of CD45^+^ leukocytes present in control tumors (versus CCR7-B16 tumors^[@bib4]^) were a potential source of bias in gene-expression profiling, we depleted CD45^+^ cells using magnetic beads from single cell suspensions of both pLNCX2-B16 and CCR7-B16 tumors, resulting in \>99% efficiency in removing CD45^+^ leukocytes. Three independent biological samples were prepared and analyzed with Affymetrix Mouse Genome 430 2.0 Arrays. Genomatix ChipInspector software was then used to identify genes showing significant and greater than 1.5-fold difference in mRNA expression between the CCR7-B16 and control tumors. Pathway analysis was carried out with the ChipInspector and BiblioSphere software to sort genes into groups according to known signaling or biological pathways.

Three groups of genes were significantly downregulated in CCR7-B16 tumors compared with pLNCX2-B16 tumors ([Table 1](#tbl1){ref-type="table"}). The first group included genes involved in the IFN-γ signaling pathways, as well as downstream IFN responsive genes, including transcription factors (*STAT1, STAT2, IFN regulatory factor 1* and *7*) and a variety of IFN-inducible genes, including chemokines such as *CCL5* and *CXCL10*. This result was consistent with our previous findings that showed significant downregulation of IFN-γ and several IFN-γ-inducible chemokines such as *CXCL9* and *CXCL10* within the CCR7-B16 tumors.^[@bib4]^ The second group of genes consisted of MHC I and MHC II molecules, including *beta-2-microglobin*. The last group of downregulated genes included *Tap1, Tap2* and *tapasin*. These proteins have well-characterized roles in endogenous peptide loading onto MHC I molecules of antigen-presenting cells and in the subsequent presentation of antigens to reactive CD4^+^ and CD8^+^ T cells.^[@bib9],\ [@bib10]^ Downregulation of MHC I surface expression and the resulting decreased efficiency of tumor antigen presentation to reactive T cells may explain the observed reduction of host anti-tumor immune response in popliteal DLNs of CCR7-B16-injected mice. Beta-2-microglobin as well as Tap1, Tap2 and tapasin proteins are all induced by type I and type II IFNs.^[@bib11]^ Collectively, the characteristic deficiency of IFN-γ induction within CCR7-B16 tumors suggests that CCR7 overexpression leads to an apparent defect in tumor antigen presentation, and possibly, tumor antigen-specific T-cell priming.

Next, we focused on potential mediators of the IFN receptor signaling, including the IFN receptor itself, JAK/STAT transcription factors and other known STAT proteins. No significant difference in levels of IFN receptor mRNA was detected in CCR7-B16 versus pLNCX2-B16 tumor environment ([Figure 2a](#fig2){ref-type="fig"}). Similarly, the four JAK family members examined (*JAK1, JAK2, JAK3* and *Tyk2*) were found to be expressed at similar levels in both tumor types ([Figure 2b](#fig2){ref-type="fig"}). However, *STAT1*, and to a lesser degree, *STAT2* and *STAT3*, was strikingly downregulated in CCR7-B16 tumors relative to control tumors, whereas there was no significant difference in *STAT4*, *STAT5a*, *STAT5b* and *STAT6*. These findings suggest that tumoral CCR7 downregulates expression of specific STAT proteins relevant to IFN signaling, whereas cytokines and growth factors specific to other signaling pathways remain unaffected ([Figure 2b](#fig2){ref-type="fig"}).

Validation of microarray results by quantitative real-time PCR
--------------------------------------------------------------

To validate microarray results, we designed primers for 29 genes of interest ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}) and performed quantitative real-time PCR. We compared the gene expression levels of the *in-vitro*-cultured B16 cell lines (CCR7-B16 and pLNCX2-B16) with their mouse footpad tumors before and after CD45 depletion. Overall, we were able to confirm the differential expression of all 29 tested genes between CCR7-B16 tumors and pLNCX2-B16 tumors validating the microarray results ([Figure 2c](#fig2){ref-type="fig"}; data not shown). The majority of genes tested were expressed at similar levels in CCR7-B16 and pLNCX2-B16 cell lines *in vitro* before inoculation in mice. We were able to independently confirm the downregulation of representative genes in each of the three gene groups described above. *STAT5a* and *STAT5b* serve as controls to show the specific downregulation of *STAT1* in CCR7-B16 tumors ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). These findings suggest that the downregulated genes in CCR7-B16 tumors are mainly of tumor and stromal origin (as opposed to products of tumor-infiltrating immune cells), as expression patterns were not significantly changed after CD45 depletion.

STAT1 proteins are downregulated in CCR7-B16 tumors compared with pLNCX2-B16 tumors
-----------------------------------------------------------------------------------

To confirm that STAT1 was downregulated at the protein level in CCR7-B16 tumors, we adopted two approaches. By western blot, we compared tumor samples before and after CD45 depletion. Total STAT1 protein was significantly reduced in CCR7-B16 tumors compared with pLNCX2-B16 tumors, regardless of whether tumor-infiltrating leukocytes were depleted ([Figure 3a](#fig3){ref-type="fig"} and [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Flow cytometry analysis of STAT1 expression also detected decreased STAT1 expression in CCR7-B16 cells versus controls after gating on the CD45-negative cell population. On the basis of mean fluorescence intensity, pLNCX2-B16 tumors, on average, expressed three times more STAT1 protein than CCR7-B16 tumors (66.27±5.06 versus 23.23±7.07; *P*=0.001).

STAT1 upregulation by IFN-γ treatment in pLNCX2-B16 and CCR7-B16 cell lines *in vitro* is not prevented by CCR7 ligands
-----------------------------------------------------------------------------------------------------------------------

Next we determined if prior activation of CCR7 by its cognate ligand would prevent B16 cells from expressing STAT1 *in vitro*. We first evaluated the responsiveness of B16 cell lines to IFN-γ. Both pLNCX2-B16 and CCR7-B16 cells were treated with varying concentrations of mouse IFN-γ for 24 h and were then analyzed for STAT1 expression via flow cytometry. We found that STAT1 reached maximum expression levels when cells were treated with 250 pg/ml of mouse IFN-γ (data not shown). Both pLNCX2-B16 and CCR7-B16 cells were found to have similar levels of STAT1 in the absence of mouse IFN-γ treatment ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). Both cell lines responded rapidly to IFN-γ treatment showing similar robust STAT1 induction ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). To test whether or not activation of CCR7 by its ligand could abrogate the upregulation of STAT1 by IFN-γ, we pretreated both B16 cell lines with mCCL21 or hCCL19-Ig under different conditions (soluble versus immobilized) for varying time periods (6, 24 or 48 h) before adding 250 pg/ml of IFN-γ. The CCR7 activation did not prevent STAT1 activation in CCR7-B16 cells ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}), indicating that the downregulation of IFN-γ-mediated pathways in the CCR7-B16 tumor environment is most likely the result of the lack of IFN-γ production (as opposed to the ability of CCR7 activation to impede IFN-γ-mediated signaling).

IFN-γ-treated CCR7-B16 cells form smaller tumors *in vivo*
----------------------------------------------------------

We hypothesized that CCR7-B16 tumors inhibited host anti-tumor immune response by downregulating IFN-γ production *in vivo* through unknown mechanisms. To test this hypothesis, we asked if transient upregulation of STAT1 expression in CCR7-B16 through IFN-γ stimulation before implantation could influence tumorigenesis. We incubated CCR7-B16 cells with or without 1 ng/ml mouse IFN-γ overnight before inoculating those cells into footpads of B6 wild-type mice. The upregulation of STAT1 in IFN-γ-treated CCR7-B16 cells was confirmed before injection by flow cytometry ([Figure 3b](#fig3){ref-type="fig"}). As IFN-γ may induce apoptosis in certain tumor cell lines, we also examined the apoptosis status by Annexin-V staining. Less than 1% of treated and untreated CCR7-B16 cells underwent apoptosis immediately before inoculation (data not shown). After inoculation into mouse footpads, IFN-γ-treated CCR7-B16 cells developed significantly (*P*=0.0013) smaller tumors by day 24 ([Figure 3c](#fig3){ref-type="fig"}). These experiments show that IFN-γ-induced activation of the STAT1 pathway affects CCR7-B16 tumorigenesis, suggesting a key role for this pathway in CCR7-B16 tumor immunity.

CCR7-B16 cells induce intratumoral lymphatic vessel formation
-------------------------------------------------------------

Affymetrix microarray analysis revealed that mRNA for podoplanin, a marker for lymphatic endothelium,^[@bib12]^ was expressed at 3.35-fold higher levels in CCR7-B16 tumors than in pLNCX2-B16 tumors ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}), suggesting lymphatic vessels were more abundant in CCR7-B16 tumors. To confirm this finding, we harvested CCR7-B16 and control tumors, and stained them with podoplanin-specific monoclonal antibody (mAb) 20 days after inoculation into ear skin ([Figure 4a](#fig4){ref-type="fig"}; see [Supplementary Figure 7](#sup1){ref-type="supplementary-material"} for isotype control staining of mAbs against podoplanin, VEGF-C and CCL21). Podoplanin^+^ vessels were more abundant within CCR7-B16 tumors compared with control tumors ([Figure 4a](#fig4){ref-type="fig"}). Specifically, an increased density of podoplanin^+^ vessels was noted both within the central and peripheral areas of CCR7-B16 tumors. Even within a smaller CCR7-B16 tumor, abundant podoplanin-positive vessels were observed ([Figure 4a](#fig4){ref-type="fig"}, right panel), suggesting increased lymphatic vessel formation was not simply a function of tumor size.

Others have identified significant VEGF-C mRNA upregulation in human LN that contained nodal melanoma metastases, suggesting VEGF-C expression might identify tumors with a high risk for nodal metastases.^[@bib13]^ To determine if VEGF-C expression was altered in CCR7-B16 tumors, we stained CCR7-B16 tumors using anti-VEGF-C antibody and anti-podoplanin antibody, and quantified VEGF-C-expressing cells within the CCR7-B16 tumors ([Figure 4b](#fig4){ref-type="fig"}, [Supplementary Figure 4A](#sup1){ref-type="supplementary-material"}). CCR7-B16 tumors showed approximately two-fold greater numbers of VEGF-C^+^ cells compared with control tumors ([Figure 4b](#fig4){ref-type="fig"}). Our microarray analysis did not detect upregulation of VEGF-C mRNA in CD45^+^ cell-depleted CCR7-B16 tumors ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}), suggesting CD45^+^ cells might be the source of VEGF-C. Therefore, we isolated CD45^+^ cells from equal-sized tumors using FACSAria II ([Supplementary Figure 4B](#sup1){ref-type="supplementary-material"}), adhered them to glass slides for VEGF-C staining, and found an increased number of VEGF-C-expressing CD45^+^ cells in CCR7-B16 tumors compared with pLNCX2-B16 tumors ([Figure 4c](#fig4){ref-type="fig"}). These findings suggest that CCR7-B16 cells are capable of inducing lymphangiogenesis (despite the relative lack of inflammatory cells within tumors), and that this process is potentially mediated by upregulation of VEGF-C in CD45^+^ cells within the CCR7-B16 tumor microenvironment.

CCR7-B16 cells invade lymphatic vessels more efficiently than control B16 cells
-------------------------------------------------------------------------------

CCL21 is a known ligand of CCR7 and functions as a chemoattractant for both malignant and non-malignant CCR7^+^ cells.^[@bib14],\ [@bib15]^ In mice, CCR7-B16 have been shown to metastasize to DLN with increased frequency when compared with control B16 cells.^[@bib3]^ To determine whether CCR7-B16 cells invaded lymphatic vessels more efficiently, we first induced CCR7-B16 and control B16 tumors of similar size by inoculating non-limiting numbers of tumor cells into the footpads of mice as previously described.^[@bib4]^ We hypothesized that CCL21, which is expressed on lymphatic endothelium, has a key role in facilitating the invasion of lymphatic vessels by CCR7-B16 cells. As shown in [Supplementary Figure 5A](#sup1){ref-type="supplementary-material"}, podoplanin-positive lymphatic vessels were present within CCR7-B16 tumors (left panel), and CCR7-B16 cells (as detected by a mAb cocktail against melanocyte/melanoma antigens) co-localized within or around these structures ([Supplementary Figure 5A](#sup1){ref-type="supplementary-material"}, right panel; [Supplementary Figure 5B](#sup1){ref-type="supplementary-material"}, isotype staining comparison in).

Quantification of both lymphatic vessel number and the number of intraluminal tumor cells revealed that both values were significantly increased in CCR7-B16 cell footpad tumors compared with controls ([Figure 4a](#fig4){ref-type="fig"}; [Figure 5](#fig5){ref-type="fig"}, left panel). Interestingly, there were also significantly greater numbers of intraluminal tumor cells per lymphatic vessel within CCR7-B16 tumors ( [Figure 5](#fig5){ref-type="fig"}, right panel), suggesting CCR7-B16 cells more efficiently invaded lymphatic vessels than did control cells. CCL21 staining was present in both intratumoral as well as peritumoral areas in close approximation with podoplanin^+^ vessels ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). The findings above suggest that CCR7-B16 cells may be attracted to the increased number of lymphatic vessels via CCL21, resulting in increased transendothelial migration and subsequent nodal metastasis.

Discussion
==========

Herein, we demonstrated CCR7 expression by B16 cells prevented the induction of IFN-γ, thus blocking multiple anti-tumor pathways. Moreover, CCR7-B16 cells was highly associated with increased tumor lymphangiogenesis. We believe that the increased lymphangiogenesis observed in CCR7-B16 tumors is surprising and furthers our understanding of CCR7 in LN metastasis. Previously, our knowledge of the role of CCR7 in LN metastasis was primarily restricted to chemotaxis via expression of CCL21 by lymphatic vasculature and secondary lymphatic organs. In our studies, an increased number of lymphatic vessels were seen in CCR7-B16 tumors relative to control B16 tumors. These lymphatic vessels expressed CCL21, which would enable CCR7-B16 cells to invade them with increased efficiency relative to B16 cells. In support of this possibility, CCR7-B16 cells were present within podoplanin-positive lymphatic vessels in significantly greater numbers than control cells.

The observation that CCR7-B16 more effectively metastasized to regional LNs and formed primary tumors (when limiting numbers of tumor cells were inoculated) led us to investigate the underlying molecular mechanisms enabling escape from tumoral immunosurveillance. We found that fewer IFN-γ-expressing T cells were present in CCR7-B16 tumors. Further supporting this finding, STAT1/2, molecules specific to signaling events downstream of IFN-γ receptor engagement, were downregulated. In addition, tumor antigen presentation may also be affected, as the MHC I and MHC II genes were downregulated in the tumor microenvironment, which possessed markedly fewer IFN-γ-producing T cells. Collectively, this study suggests CCR7 expression on B16 cells promotes tumorigenesis in two ways: 1) immune evasion via the downregulation of IFN-γ and IFN-γ response genes, and 2) the induction of lymphangiogenesis with subsequent lymphatic invasion and nodal metastasis.

Recent clinical and experimental evidence have helped to define the numerous pathways, processes and gene products that regulate nodal metastasis. These include hypoxia, low pH, inflammatory mediators such as tumor necrosis factor-α,^[@bib16],\ [@bib17]^ chemokines and chemokine receptors like CCR7 and CCR10,^[@bib18]^ epithelial to mesenchymal transition^[@bib19]^ and lymphangiogenesis.^[@bib20]^ Clinical evidence suggests the extent of lymphangiogenesis in primary cutaneous melanoma predicts the presence of sentinel LN metastases at the time of surgery and is therefore a novel prognostic indicator.^[@bib20],\ [@bib21]^ In a retrospective study, increased melanoma-associated lymphangiogenesis is inversely correlated with both disease-free survival and overall patient survival.^[@bib22]^ Others have shown that, *in vitro*, metastatic melanoma expressing CCR7 have increased migration toward CCL21 containing conditioned medium from lymphatic endothelial cells.^[@bib23]^ Our findings add to these observations by showing CCR7-expressing melanoma cells increase lymphatic density within (and surrounding) the tumor environment, thus providing avenues for the CCR7-expressing B16 cells to localize to these new, CCL21-positive lymphatic vessels.

In summary, we show CCR7 expression by melanoma may indicate an aggressive phenotype with enhanced nodal metastasis that is mediated by immune evasion and the promotion of lymphangiogenesis. To the best of our knowledge, our studies are the first to suggest that CCR7 expression may trigger enhanced lymphangiogenesis, possibly through a VEGF-C-mediated mechanism. Furthermore, our data suggests that CCR7-expressing melanoma cells escape immune surveillance early in tumorigenesis. Increased podoplanin expression by CCR7^+^ melanoma tumors may pose as a marker of poor prognosis and warrants further investigation.

Materials and methods
=====================

Animals and cell lines
----------------------

Female C57BL/6 mice (8--12 weeks old) were purchased from the NCI Animal Production Colony (Frederick, MD, USA) or The Jackson Laboratory (Bar Harbor, ME, USA), and used in accordance with the guidelines of the Animal Use and Care Committee of NCI and the Medical College of Wisconsin. Syngeneic B16/F1 melanoma cells were grown in Dulbecco\'s modified Eagle\'s medium (Invitrogen, Carlsbad, CA, USA) with 10% heat-inactivated fetal bovine serum and supplements as previously described.^[@bib3]^

Retroviral transduction of B16/F1 melanoma cells
------------------------------------------------

B16/F1 melanoma cells were retrovirally transduced with mCCR7 cDNA (CCR7-B16 cells) or with empty vector (pLNCX2-B16 cells) using a pLNCX2 vector (Clontech, Mountain View, CA, USA) as previously described.^[@bib4]^

Subcutaneous inoculation of transduced cell lines
-------------------------------------------------

The cell lines described above were harvested in exponential growth phase by trypsinization and washed in phosphate-buffered saline (PBS) before injection. For footpad injections, B16 cells (4 × 10^5^ in 20 μl PBS) were injected into the left hind footpad. For ear injections, B16 cells (1 × 10^5^ in 20 μl PBS) were injected into the subcutaneous space under the central dorsal surface of the ears immediately above the cartilage. Tumor growth was measured with a caliper and approximated by multiplying maximal tumor depth, width and perpendicular length.

ELISPOT assay for IFN-γ-producing cells in popliteal DLNs
---------------------------------------------------------

ELISPOT reagents for detecting murine IFN-γ were purchased from BD Bioscience (San Diego, CA, USA). For ELISPOT assays, pLNCX2-B16 or CCR7-B16 cells (4 × 10^5^ per injection) were inoculated into footpads of C57BL/6 wild-type mice. Popliteal DLNs from injected footpads and contralateral popliteal LNs from uninjected footpads were harvested at predefined time points. LNs^[@bib2],\ [@bib3]^ from the same group were randomly pooled together and considered as one sample. LN cells (1 × 10^6^) were stimulated with 10^4^ corresponding B16 cells in a pre-coated ELISPOT plate (Millipore, Bedford, MA, USA) for 24 h and counted with an ELISPOT analyzer (CTL, Cleveland, OH, USA).

Sample preparation for Affymetrix microarray analysis
-----------------------------------------------------

CCR7-B16 cells or pLNCX2-B16 cells (4 × 10^5^) were inoculated into the left hind footpad of C57BL/6 wild-type mice. Three weeks later, tumors were excised, minced and incubated in B16 culture medium containing 1 mg/ml of collagenase D (Roche, Indianapolis, IN, USA) and 0.5 mg/ml of DNase I (Sigma, St Louis, OH, USA) at 37 °C for 45 min. Tumor pieces were then gently disrupted using the back of a syringe plunger and filtered through a 40-μm spleen filter (BD Bioscience). Cells (1 × 10^6^) from single-cell suspensions of pLNCX2-B16 or CCR7-B16 footpad tumors were mixed with 10 μl of anti-CD45 magnetic beads (Miltenyi Biotec, Auburn, CA, USA) according to the manufacturer\'s protocol, washed and then depleted of CD45^+^ cells by placement through a magnetic separation column. Depletion of CD45-positive cells (\>99%) was confirmed by fluorescence-activated cell sorting staining with fluorescein isothiocyanate-anti CD45 antibody. For Affymetrix microarray analysis (Affymetrix, Santa Clara, CA, USA), three independent sets of CD45^+^-depleted tumor samples were prepared and total RNA were extracted using RNeasy kit (QIAGEN, Valencia, CA, USA). Hybridizations to Affymetrix Mouse genome 430 2.0 Arrays were performed by NIDDK microarray core facility and the results were analyzed by ChipInspector and BiblioSphere software (Genomatix, Munich, Germany).

Quantitative real-time PCR to confirm microarray results
--------------------------------------------------------

Single-cell suspensions of pLNCX2-B16 or CCR7-B16 footpad tumors collected before and after CD45^+^ cell depletion were prepared as described above. CCR7-B16 and pLNCX2-B16 cells cultured *in vitro* in regular B16 medium were harvested and washed in PBS. Total RNA was extracted from tumor cells or *in-vitro*-cultured cell lines using RNeasy kit (QIAGEN). Total RNA (3 μg) was converted into cDNA using SuperScript II First-strand synthesis kit (Invitrogen). Quantitative reverse-transcriptase PCR primers were designed using Genscript ([www.genscript.com](http://www.genscript.com)) online program, and primers were purchased from Integrated DNA Technologies (Coralville, IA, USA). SYBR Green PCR master mix was purchased from Applied Biosystems (Carlsbad, CA, USA) and real-time PCR was performed in a Chromo4 real-time PCR machine (Bio-Rad, Hercules, CA, USA). Gene expression levels were normalized to mouse glyceraldehyde 3-phosphate dehydrogenase. Primer pairs are shown in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. Gene expression by quantitative reverse-transcriptase PCR was measured in two independent samples different from the samples analyzed in Affymetrix microarray. The Student\'s *t*-test was used to assess significance.

Western blotting and flow cytometry to detect STAT1 proteins
------------------------------------------------------------

Single-cell suspensions of pLNCX2-B16 or CCR7-B16 footpad tumors collected before and after CD45^+^ cell depletion were prepared as described above. Total proteins were extracted using RIPA buffer (Sigma) containing protease inhibitor cocktail (Roche). After centrifugation at 14 000 r.p.m. for 15 min at 4 °C, supernatants were collected and protein concentration was determined using RC DC protein assay kit (Bio-Rad). Cell lysates (50 μg total protein) were denatured, loaded onto 10% SDS--polyacrylamide gel electrophoresis (Invitrogen) and transferred to nitrocellulose membrane (Invitrogen). Membranes were blocked with 5% blotting grade non-fat dry milk (Bio-Rad) for 1 h and incubated with anti-STAT1 mAb (BD Bioscience) at 1:500 dilutions for 1 h. Membranes were then washed three times and incubated with horseradish peroxidase-conjugated goat anti-mouse IgG (Promega, Madison, WI, USA) at 1:2500 dilutions for 1 h. After washing, membranes were incubated with chemiluminescent solution (SuperSignal West Pico Substrate; Thermo Scientific, Rockford, IL, USA) for 5 min at room temperature (RT) and exposed to film. The same membrane was then stripped with stripping buffer (Thermo Scientific), followed by incubation with horseradish peroxidase-conjugated anti-β actin antibody (Sigma) at 1:50 000 dilution.

For flow cytometry analysis, single-cell suspensions of pLNCX2-B16 or CCR7-B16 footpad tumors were first stained with fluorescein isothiocyanate-CD45 at 4 °C for 30 min. After washing, tumor cells were fixed with 250 μl of fixation buffer (BD Bioscience) at 37 °C for 10 min, followed by permeabilization using Perm buffer III (BD Bioscience) on ice for 30 min. Tumor cells were then washed and subsequently stained with PE-STAT1 (BD Bioscience) for 30 min at 4 °C. Samples were then collected on FACSCalibur machine (BD Bioscience) and analyzed with FlowJo software (Tree Star, Inc., Ashland, OR, USA).

Immunohistochemistry
--------------------

We purchased hamster anti-podoplanin antibody (8.1.1) from the Developmental Studies Hybridoma Bank at the University of Iowa (Iowa City, IA, USA), anti-VEGF-C antibody (H-190) from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) and mouse CCL21/6Ckine Biotinylated Antibody from R&D Systems (Minneapolis, MN, USA). For melanosome staining, we purchased a premixed mAb cocktail from Abcam (Cambridge, MA, USA; mouse monoclonal (HMB45+DT101+BC199) to melanoma (ab732)). As secondary antibodies for imunofluorescence, we purchased Alexa Fluor 488 goat anti-hamster IgG (H+L), Alexa Fluor 568 goat anti-mouse IgG (H+L), and tyramide signal amplification kit \#24 from Invitrogen, and DyLight 594 AffiniPure Goat Anti-Rat IgG (H+L) from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA).

B16 ear tumors were excised, embedded in optimal cutting temperature compound without fixation, frozen and then sectioned. CD45^+^ cells were isolated from cell suspensions of pLNCX2-B16 or CCR7-B16 footpad tumors using FACSAria II (BD Bioscience) and were attached to the slide glasses using Shandon Cytospin 3 Centrifuge (Thermo Scientific). Tissue sections were fixed with either ice-cold acetone for 10 min or with paraformaldehyde solution, 4% in PBS (USB Corp., Cleveland, OH, USA) for 2 h, followed with 95% ethanol for 20 min. Fixed sections were blocked for 1 h at RT with 5% goat serum and Fc-blocker (2.4G2, Bio X Cell, West Lebanon, NH, USA) in PBS containing 3% skim milk, and incubated with primary antibody overnight at 4 °C. For HMB45, DT101 and BC199 staining, tissue sections were fixed with 4% paraformaldehyde PBS solution (USB Corp.) for 10 min, then incubated in PBS containing 0.5% Triton X-100 for 5 min. Samples were blocked for 1 h at RT with 5% goat serum, Fc-blocker (2.4G2, Bio X Cell) and donkey anti-mouse IgG-horseradish peroxidase (Santa Cruz) in PBS containing 3% skim milk, and incubated with primary antibody overnight at 4 °C. For immunofluorescence analysis, sections were fixed, incubated with blocking buffer and primary antibody as described above. The sections were then washed with PBS, incubated with secondary antibody for 30 min at RT or stained using Tyramide Signal Amplification Kit number 24 according to the manufacturer\'s protocol. After staining, cells were mounted with SlowFade Gold Antifade Reagent with 4\',6-diamidino-2-phenylindole (Invitrogen). Images were acquired using a Carl Zeiss microscope (Carl Zeiss, Oberkochen, Germany). For counting lymphatic vessels and melanoma cells invading into them, sections were blocked and incubated with anti-podoplanin antibody as described above. The sections were then washed with PBS and incubated with biotinylated anti-hamster IgG (H+L; Vector Laboratories Inc., Burlingame, CA, USA) for 30 min at RT, stained with an avidin--biotin method using DAB Peroxidase Substrate Kit as a substrate for peroxidase (VECTASTAIN Elite ABC Kit (Standard\*) from Vector Laboratories Inc.) and counterstained with hematoxylin. Images were acquired using a Carl Zeiss microscope, and the numbers of the lymphatic vessels (podoplanin^+^ structures with vessel morphology) and of tumor cells (identified as medium- to large-sized cells with large nuclei by hematoxylin staining) that were clearly within or closely associated with (indicating invasion) lymphatic vessels were counted.

Statistical analysis
--------------------

A paired two-tailed Student\'s *t*-test was used to analyze the results and a *P*-value\<0.05 was considered statistically significant. All the shown values represent means and s.e.m.
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![Downregulation of IFN-γ-producing cells in DLN of CCR7-B16 tumors. The numbers of cells producing IFN-γ in response to tumor cell stimulation in popliteal DLN were counted by ELISPOT assay on day 5, 11 and 21 after footpad inoculation; non-draining contralateral popliteal LNs (NDLNs) were used as control.](oncsis20129f1){#fig1}

![Expression of IFN receptor, STATs and JAK family members in B16 tumors. Gene expression was analyzed by Affymetrix microarrays in three independent samples of CCR7-B16 and pLNCX2-B16 mouse tumors after CD45^+^ cell depletion. Gene expression levels of IFN-γ receptors (**a**) and of IFN-γ signal pathway genes (**b**) from Affymetry microarray-derived data are presented. Microarray results were validated using quantitative real-time PCR. The mRNA expression of 29 genes ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}) was measured by quantitative real-time PCR analysis in tumor samples before and after CD45^+^ cell depletion and in *in-vitro*-cultured CCR7-B16 and pLNCX2-B16 cells. Relative expression levels of representative genes are shown for each of three groups: genes involved in the IFN-γ signaling pathways (*STAT1, STAT2, STAT3, IRF1*), MHC I and MHC II molecules (*B2m*) and genes involved in antigen presentation for MHC I (*Tapbp*; **c**). \**P*\<0.05; \*\**P*\<0.01.](oncsis20129f2){#fig2}

![STAT1 expression and CCR7-B16 tumorigenesis. STAT1 protein levels in tumor samples before and after CD45^+^ cell depletion were evaluated by western blot. Cropped STAT1 and β-actin bands are shown, but a full-length blot is presented in [Supplementary Figure 2A](#sup1){ref-type="supplementary-material"} (**a**). CCR7-B16 cells were incubated overnight in the presence or absence of mouse IFN-γ (mIFN-γ 1 ng/ml) before mouse footpad inoculation. Flow cytometry analysis for STAT1 expression in IFN-γ-treated and non-treated CCR7-B16 cells is shown, with mean fluorescent intensities of 97.75 and 14.6 (**b**). After inoculation of IFN-γ-treated and non-treated CCR7-B16 cells into the footpads, resulting footpad tumor volumes (mm^3^) were measured by a caliper on day 24 (**c**).](oncsis20129f3){#fig3}

![Podoplanin and VEGF-C staining in CCR7-B16 tumors. CCR7-B16 or pLNCX2-B16 tumors were harvested 20 days after tumor cell inoculation into ears of mice. Anti-podoplanin antibody (green; **a**, **b**) and anti-VEGF-C antibody (red; **b**) were used for immunofluorescence and immunohistochemical staining (for quantification of lymphatic vessels). Four random high-power fields (HPF), which contained lymphatic vessels (podoplanin-positive structures with vessel morphology) or VEGF-C-expressing cells in each section, were selected. The numbers of the lymphatic vessels and of the VEGF-C-expressing cells were counted, and representative results of two tumor samples are shown. Two sections were stained from each tumor for VEGF-C (**b**). CCR7-B16 or pLNCX2-B16 tumors were harvested 20 days after tumor cell inoculation into footpads of C57BL6 mice. Equal-sized tumors were collected and homogenized. CD45^+^ cells were sorted from tumor suspensions using FACSAria II and were attached to a slide glass using Shandon Cytospin 3 Centrifuge. Sections were stained using anti-VEGF-C antibody. Three HPFs, which contained VEGF-C-expressing cells, in each section were selected and VEGF-C-expressing cells were counted (**c**). Scale bars, 100 μm.](oncsis20129f4){#fig4}

![Invasion of CCR7-B16 cells into CCL21^+^ lymphatic vessels. C57BL6 mice footpad CCR7-B16 tumors were harvested 20 days after inoculation. To statistically assess the difference between lymphatic invasion in CCR7-B16 and control tumors, we stained sections of mouse ear tumors for podoplanin by immunohistochemical methods at day 20 and then counterstained the sections with hematoxylin. Four high-power fields (HPF), which contained the apparent lymphatic vessels in each section, were selected for analysis. The numbers of the lymphatic vessels and tumor cells (identified by hematoxylin staining) that invaded into the lymphatic vessels were counted (See Materials and Methods). Representative results of two tumor samples are shown.](oncsis20129f5){#fig5}

###### Downregulated genes detected by Affymetrix microarray

  *Gene names*                                                *Average signals*   *Fold change*   P*-value*   
  ----------------------------------------------------------- ------------------- --------------- ----------- ------------
  *I. Interferon signaling and interferon responsive genes*                                                   
   *ifi203* (interferon activated gene 203)                   1393                13              −107        3.668E-05
   *Gbp2* (guanylate nucleotide binding protein 2)            7236                70              −106        6.2791E-06
   *Iigp1* (interferon inducible GTPase 1)                    4373                43              −101        3.7282E-06
   *ifi47* (interferon gamma inducible protein 47)            5471                73              −74         3.3644E-05
   *Igtp* (interferon gamma induced GTPase)                   17576               307             −57         2.6698E-05
   *Iigp2* (interferon inducible GTPase 2)                    2598                53              −49         1.8807E-05
                                                                                                               
   *Irgm* (interferon inducible protein 1)                    5838                265             −22         2.2548E-05
    *Ifit1*                                                   1506                86              −17         4.774E-04
    *STAT1*                                                   595                 37              −15         1.501E-04
    *CCL5*                                                    1944                107             −14         7.5336E-06
                                                                                                               
   *IRF-1* (interferon regulatory factor 1)                   6130                645             −9.5        2.316E-04
                                                                                                               
   *IRF-7* (interferon regulatory factor 7)                   1144                136             −8          1.0392E-03
    ifih1                                                     848                 120             −7          1.7424E-05
                                                                                                               
   *ifi35* (interferon-induced protein 35)                    7606                1440            −5          1.3829E-05
    *STAT2*                                                   435                 93              −4.7        2.0958E-03
    *CXCL10*                                                  6536                2391            −3          1.1254E-02
                                                                                                               
  *II. MHC I and MHC II molecules*                                                                            
   *H2-Ab1*                                                   2014                6               −318        3.3439E-06
   *CD74* (MHC II antigen-associated invariant polypeptide)   24888               138             −179        1.4918E-06
   *H2-Eb1*                                                   5725                54              −106        1.0800E-05
   *H2-Mb1*                                                   2940                32              −90         1.0802E-05
   *H2-DMa*                                                   2256                57              −39         3.9023E-06
   *H2-K1*                                                    6638                417             −15         3.9538E-04
   *B2m* (beta-2-microglobulin)                               938                 114             −8          9.6454E-05
                                                                                                               
  *III. Antigen presentation for MHC I*                                                                       
   *Tap1*                                                     4005                140             −28         2.4229E-05
   *Tap2*                                                     1548                115             −13         2.2663E-05
   *Tapbp* (tapasin)                                          4475                666             −6.7        1.1355E-05

Abbreviation: MHC, major histocompatibily complex. Fold-change: CCR7-B16/pLNCX2-B16.
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